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The amyloid cascade hypothesis proposes that amy-
loid B (AB) pathology precedes and induces tau pa-
thology, but the neuropathological connection be-
tween these two lesions has not been demonstrated.
We examined the regional distribution and co-local-
ization of Af3 and phosphorylated tau (p-tau) in syn-
aptic terminals of Alzheimer’s disease brains. To
quantitatively examine large populations of individ-
ual synaptic terminals, flow cytometry was used to
analyze synaptosomes prepared from cryopreserved
Alzheimer’s disease tissue. An average 68.4% of syn-
aptic terminals in the Alzheimer’s disease cohort (n =
11) were positive for A, and 32.3% were positive for
p-tau; AB and p-tau fluorescence was lowest in cere-
bellum. In contrast to synaptic p-tau, which was high-
est in the entorhinal cortex and hippocampus (P =
0.004), synaptic A3 fluorescence was significantly
lower in the entorhinal cortex and hippocampus rel-
ative to neocortical regions (P = 0.0003). Synaptic A3
and p-tau fluorescence was significantly correlated
(r = 0.683, P < 0.004), and dual-labeling experiments
demonstrated that 24.1% of Ap-positive terminals
were also positive for p-tau, with the highest fraction
of dual labeling (39.3%) in the earliest affected re-
gion, the entorhinal cortex. Western blotting experi-
ments show a significant correlation between synap-
tic AB levels measured by flow cytometry and
oligomeric Af3 species (P < 0.0001). These results
showing overlapping A3 and tau pathology are con-
sistent with a model in which both synaptic loss and

dysfunction are linked to a synaptic amyloid cas-
cade within the synaptic compartment. (4m J Pathol
2008, 172:1683-1692; DOI: 10.2353/ajpath.2008.070829)

Tau pathology is strongly associated with the clinical
expression and severity of Alzheimer’s disease (AD),"?
while early cognitive symptoms correlate with soluble
amyloid B (AB).% © The importance of the synaptic com-
partment in disease progression is highlighted by the
correlation of early cognitive loss with synapse loss in
AD,” and by the localization of AB42 to multivesicular
bodies within pre- and postsynaptic compartments asso-
ciated with abnormal synaptic morphology.®° The poten-
tial importance of synaptic AB release is supported by
experiments in which lesions of the perforant path re-
duced amyloid deposition in the hippocampus.

A synaptic AB hypothesis is supported by data show-
ing that AB42 binding to a7-nicotinic receptors induces
N-methyl-D-aspartic acid (NMDA) receptor internaliza-
tion and impaired glutamatergic transmission.'® More re-
cently, targeting of oligomer effects to NMDA receptors
on dendritic spines have been suggested to promote long-
term depression and shrinkage of dendritic spines.’ Data
in triple transgenic mouse models, Down’s syndrome, and
in human AD tissue suggest that intraneuronal AB contrib-
utes to early synaptic dysfunction,’ and a time course
study in triple transgenic mice expressing both tau and AB
mutations suggests that initial AB accumulation is intraneu-
ronal and precedes extracellular deposition.'®

Some controversy surrounds the spatiotemporal map-
ping of tau and AB deposition in AD brains; in general
tangle pathology follows a precise anatomical progres-
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sion that is highly correlated with clinical dementia,’*'®

with extracellular amyloid deposition exhibiting a more
heterogeneous distribution. The earliest symptoms of AD
seem to be associated with neuritic plaques rather than
tangles;'® on the other hand, tangles appear early in the
disease process in entorhinal cortex and hippocampus.”
Like AB, altered forms of tau can directly induce caspase-
independent cell death and neurotoxicity.””'® In animal
models, injection of AR fibrils has been shown to induce tau
pathology,' and in triple transgenic mice, intraneuronal
oligomers colocalize with somatodendritic tau and anti-oli-
gomer antibodies clear both AB and tau pathology. Other
links between AB and tau pathology include the recent
observation that soluble AB oligomers (amyloid B-derived
diffusible ligands, ADDLs) induce tau hyperphosphorylation
in cultured neurons.®°

Our recent observation of dense AB immunolabeling in
synaptic terminals from AD brain and aged Tg2576
mice®! suggests a connection between intraneuronal Ag
and synaptic dysfunction that is consistent with previous
reports of synaptic AB release.?>?* To directly study
synaptic changes in AD, we have used flow cytometry
quantification of synaptosomal immunolabeling to show
marked increases of AB in AD cortex and in aged Tg2576
mice, and to show that this synaptic AB is accompanied
by increased cholesterol, the ganglioside GM1, and syn-
aptosome-associated protein (SNAP)-25.2" We report
here that in fresh AD postmortem tissue, phosphorylated
tau (p-tau) accompanies AB accumulation in synaptic
terminals, and a comparison across seven brain regions
shows that synaptic AB levels are decreased and p-tau
levels are increased in hippocampus and entorhinal cor-
tex compared to neocortical regions.

Materials and Methods

Materials

The monoclonal anti-AB antibody 10G4 has been de-
scribed previously.?® Polystyrene microsphere size stan-
dards were purchased from Polysciences, Inc. (War-
rington, PA). Zenon mouse IgG Labeling kits for dual
labeling and 4’,6-diamidino-2-phenylindole were pur-
chased from Molecular Probes (Eugene, OR), and rho-
damine-conjugated anti-mouse antibody from Chemicon
(San Diego, CA). The following monoclonal antibodies
were purchased: anti-SNAP-25 (Sternberger Mono-
clonals Inc., Lutherville, MD), anti-postsynaptic density
(PSD) 95 (Upstate Biotechnology, Lake Placid, NY), anti-
glial fibrillary acidic protein (GFAP) (Sigma, St. Louis,
MO), and AT100 (directed against tau phosphorylated at
Ser 212 and Thr214; Pierce, Rockford, IL). The 6E10
antibody was purchased from Signet Labs (Dedham,
MA), p422s antibody from Biosource (Camarillo, CA),
and the CT20 anti-amyloid precursor protein (APP) anti-
body from Calbiochem-EMD (Gibbstown, NJ). Filipin was
purchased from Sigma-Aldrich (St. Louis, MO).

Human Brain Specimens

Brain samples (frontal [A9], parietal [A39 and A40], su-
perior parietal [A7], hippocampus, entorhinal cortex
[A28], and cerebellum) were obtained at autopsy from
the Alzheimer’s Disease Research Centers at the Univer-
sity of Southern California and the University of California
at Los Angeles. Samples were obtained from 11 cases (5
females, 4 males) diagnosed clinically and histopatho-
logically with AD, from two cognitively normal aged con-
trols, and from two neurological control cases with Par-
kinson's disease only (mean age, 85 vyears; mean
postmortem delay, 5.85 hours).

Crude Synaptosome Preparation

Samples (~0.3 to 5 g), were minced and slowly frozen on
the day of autopsy in 10% dimethyl sulfoxide and 0.32 M
sucrose and stored at —70°C until homogenization. The
crude synaptosome (P-2) fraction was prepared as de-
scribed previously.?® Briefly, the homogenate was first
centrifuged at 1000 g for 10 minutes; the resulting super-
natant was centrifuged at 10,000 g for 20 minutes to
obtain the crude synaptosomal pellet. Aliquots of P-2 are
routinely cryopreserved in 0.32 M sucrose and banked at
—70°C until the day of the experiment.

Immunolabeling of P-2 Fraction

P-2 aliquots were immunolabeled for flow cytometry anal-
ysis according to a method for staining of intracellular
antigens.?” Pellets were fixed in 0.25% buffered parafor-
maldehyde (1 hour, 4°C) and permeabilized in 0.2%
Tween20/PBS (15 minutes, 37°C). Antibodies were la-
beled directly with Alexa Fluor 488 or 647 reagents ac-
cording to kit directions. This mixture was added to P-2
aliquots and incubated at room temperature for 30 min-
utes. Pellets were washed twice with 1 ml 0.2% Tween20/
PBS, and then resuspended in PBS buffer (0.75 ml) for
flow cytometry analysis. The synaptosomal pellet was
dispersed for all washes and for incubations with fixative,
detergent, and antibody, and then collected by centrifu-
gation (1310 X g at 4°C). For filipin labeling, samples
were incubated with a 100 ug/ml solution (20 minutes,
room temperature). For cholera toxin labeling, samples
were incubated with biotin-conjugated cholera toxin B
subunit (10 ug/ml; 25 minutes, room temperature) fol-
lowed by streptavidin-allophycocyanin (1:200; 25 min-
utes, room temperature).

Flow Cytometry

Data were acquired using an BD-LSR | analytic flow
cytometer (Becton-Dickinson, San Jose, CA) equipped
with argon 488 nm, helium-neon 635 nm, and helium-
cadmium 325 nm lasers. Five thousand particles were
collected and analyzed for each sample. Debris was
excluded by establishing a size threshold set on forward
light scatter. Alexa 488, Alexa 647, allophycocyanin, and
filipin fluorochromes were detected by the FL1, Ssc-W,



Ssc-W, and FL5 photomultiplier tube detectors, respec-
tively. Sorting experiments were performed on a BD FACSAria
benchtop, high-speed cell sorter. Analysis was per-
formed using FCS Express software (DeNovo Software,
Ontario, Canada).

Confocal Microscopy

Crude P-2 aliquots were immunolabeled as described
above and washed, then dispersed with a pipette and
spread on slides. Slides were dried, coverslipped with
Prolong Antifade (Molecular Probes, Eugene, OR), and
stored at 4°C. The Alexa 647 fluor usually used to label
SNAP-25 was not compatible with the filter system on the
microscope; therefore samples were first incubated with
488-labeled 10G4 antibody and then anti-SNAP-25 anti-
body (1:1000), followed by secondary antibody (rhodam-
ine-conjugated anti-mouse, 1:200). For human AD brain
sections, fresh tissue blocks were postfixed in 4% parafor-
maldehyde, and snap-frozen in 2-methylbutane (—80°C)
before cryostat sectioning. Sections were steamed in re-
trieval buffer (Vector Laboratories, Burlingame, CA) for 25
minutes before labeling according to the manufacturer’'s
instructions. Confocal fluorescence and differential interfer-
ence contrast images of synaptosomes and plastic bead
standards were taken using a 100X 1.4 Planapo objective
lens on a Leica TCS-SP Confocal Inverted Microscope (Hei-
delberg, Germany) equipped with argon (488 nm excita-
tion: blue) and helium-neon (633 nm excitation: red).

Western Blotting

Samples were boiled in Laemmli loading buffer (2%SDS,
Invitrogen) and electrophoresed on 10 to 20% Tris-Tricine
gradient gels. Gels were stained with Coomasie Blue to
ensure equal protein loading. Membranes were blocked for
1 hour at room temperature in 10% nonfat dried milk in PBS,
followed by incubation overnight at 4°C with primary anti-
bodies in PBS containing 0.05% Tween 20 (PBS-T) and
1.5% (W/V) albumin. After rinsing in PBS-T, the membranes
were incubated with horseradish peroxidase-conjugated
anti-mouse IgG (1:10,000) or anti-rabbit IgG (1:30,000) in
PBS-T with 1.5% albumin for 1 hour. Immunolabeled pro-
teins were visualized by enhanced chemiluminescence
detection reagents. Resulting films were scanned and
quantified using densitometric software (Molecular Ana-
lyst II, BioRad). To strip immunoblots, membranes were
incubated for 30 minutes at 58°C in 100 mmol/L 2-mer-
captoethanol, 2% SDS, and 62.5 mmol/L Tris-HCI (pH
6.8). The membranes were rinsed 3-10 minutes in large
volumes of PBS-T, followed by re-probing.

Statistics

The within-subjects or repeated measures experimental
design used in the present experiments involves multiple
measurements on experimental units and has the advan-
tage of reducing error variance resulting from individual
differences.?® For statistical comparisons, the Mixed Pro-
cedure in SAS, a generalization of standard linear models
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used to describe the relationship between multiple vari-
ables of interest, was used. A Compound Symmetry co-
variance structure was used, and custom hypothesis test-
ing for differences between regions used the ESTIMATE
statement. Correlation coefficients were calculated with
the Pearson product-moment correlation coefficient pro-
cedure using the Vassarstat interactive statistical website
(http://faculty.vassar.edu/lowry/VassarStats.html; Richard
Lowry, Poughkeepsie, NY).

Results

Both AB and p-tau Accumulate in AD
Synaptic Terminals

Neuronal terminals are poorly visualized at the resolution
of light microscopy, and immunodetection of AB, partic-
ularly intraneuronal AB, is limited by technical issues that
include epitope masking and fixation artifacts.’® The
present experiments used flow cytometry analysis of syn-
aptosomes, which are synaptic terminals that have re-
sealed into a functional sphere during homogenization in
isotonic sucrose. Flow cytometry analysis quantifies mul-
tiple parameters on each cell or synaptic terminal in a
sample; 5000 particles were analyzed for each sample.
Fluorescence parameters include both the positive frac-
tion and the brightness of fluorescence, which is ex-
pressed as relative fluorescence units. In addition to
fluorescence measures, light scattering indicates the size
of each particle; forward scatter is proportional to size.
A P-2 (crude synaptosome) fraction was prepared
from fresh unfixed AD and control brains with a postmor-
tem interval less than 12 hours; synaptosomal immuno-
labeling for AB, using the 10G4 antibody directed against
residues 5 to 17, was quantified by flow cytometry. In
support of 10G4 selectivity for AB, synaptosomal labeling
with 10G4 is blocked by Congo Red,?® 10G4 strongly
labels plaques in AD brain but does not bind APP in
immunoprecipitation experiments (not shown), and we
have previously shown that monoclonal APP antibodies
label a smaller and much less dynamic fraction of syn-
aptic terminals in AD brain.?" The present experiments
confirmed our previous results showing striking increases
of synaptic AB in AD cortex compared to cognitively
normal aged controls (Figure 1, A and B); AB labeling in
13-month-old Tg2576 vs. WT mice closely resembles that
seen in AD samples (Figure 1, C and D). We have pre-
viously demonstrated that non-synaptosomal elements
are excluded by drawing a size-based analysis gate that
includes only particles that are ~0.75 to 1.5 microns.?9:%°
The size standards used to draw the analysis gate are
illustrated in Figure 1E. To examine the purity of synap-
tosomes in the size gate, an experiment was performed in
which synaptosomes were physically sorted; in a 9-hour
experiment, ~46 million particles were collected based
on the size gate. Figure 1 F shows an ultrastructural
image of sorted synaptosomes that were placed directly
onto a grid and stained with uranyl acetate, revealing
spherical synaptosome particles without visible artifacts.
The degree of synaptosomal purity in the size-gated anal-
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Figure 1. Flow cytometry analysis of AB and p-tau in AD synaptosomes.
A-E: representative samples showing A labeling in synaptosomes from (A)
AD frontal cortex, (B) aged normal frontal cortex, (C) aged Tg2576 mouse,
and (D) wild-type mouse. The forward scatter parameter on the abscissa is
proportional to size. E: Size standards used to draw the size analysis gate for
analysis of particles in the range of ~0.5 to 1.5 microns. F: Uranyl acetate-
stained electron micrograph image of synaptosomes that were sorted based
on the size gate; inset from an ultrathin section illustrates internal structure.
G: Size of positive fraction within the AD cohort for the synaptic and damage
markers indicated. Value shown is mean percentage positive across brain
regions (A7, A9, A39, A40, A28, and hippocampus, 7 = 77 samples from 11
cases). H: Correlation between synaptic AB and synaptic p-tau fluorescence
(Pearson’s product-moment correlation coefficient, P < 0.004).

ysis is also indicated by the percentage of that are pos-
itive for the docking protein SNAP-25 (95.3%, = 0.3;
Figure 1F); our previous work has shown that SNAP-25
labels a fraction identical in size to synaptophysin and
syntaxin.?’

Figure 1G shows the positive fraction for a number
synaptic markers of interest in the cohort of AD cases
(n = 11; Table 1). The mean number of AB-positive
synaptosomes, averaged across regions, was 68.4%
(£2.0). This compares to 32.3% (*1.6) positive for p-tau
using the AT100 antibody, which detects abnormal tau
phosphorylation at Ser 212/Thr214. Tau phosphorylation
at this epitope has been shown to follow AB42 injection in
tau transgenic mice'®; in preliminary studies we have
observed similar immunolabeling with the AT8 antibody
(not shown). Figure 1G also shows that 24.2% (*0.5) of
synaptic terminals are positive for the postsynaptic
NMDA scaffold protein PSD-95, and that 95.3% (+0.5)
are positive for SNAP-25. Virtually all synaptosomes are
also positive for free cholesterol (98.5% =+ 0.3), which
was assessed by the cholesterol-binding dye filipin. Cho-
lesterol, ganglioside GM1, and low-density lipoprotein
receptor-related protein-1 (LRP) have previously been
associated with AB generation and metabolism, and re-
cent results from our lab showed strong increases in

cholesterol and ganglioside GM1 in AB-positive synapto-
somes.3° Cholesterol and GM1 are enriched in lipid raft
membrane domains, which are hypothesized to be a site
of AB generation in membranes.®' GM1 labeled 86.1%
(£1.5) and LRP labeled 24.1% (*+0.6) of synaptosomes.
The mean fluorescence levels measured by flow cytom-
etry for synaptic AB and p-tau, taken from Table 1, are
significantly correlated (r = 0.683, P < 0.004; Figure 1H),
suggesting an association between AB and p-tau pathol-
ogy in synaptic terminals.

Tissue was obtained from seven brain regions: frontal
(A9), parietal (A39 and A40), superior parietal (A7), hip-
pocampus, entorhinal cortex (A28), and cerebellum; the
focus of the present study was a comparison of synaptic
AB and p-tau pathology across a number of brain regions
in AD. Therefore a majority of the cases examined (11)
were AD cases. Two cognitively normal aged cases and
2 cases with Parkinson’s disease were included as com-
parisons; case details are presented in Table 1, along
with the mean fluorescence measured in each case for
synaptic terminal AB and p-tau, quantified within synap-
tosomes by flow cytometry. Consistent with previous re-
sults,®" the two cases with Parkinson’s disease demon-
strated synaptic AB levels that were intermediate
between the normal aged controls and the AD cases.
Interestingly, the dementia case that was neuropathologi-
cally determined to have a unique and relatively pure
tauopathy (Case 024) displayed relatively low synaptic
AB and strikingly high synaptic p-tau immunofluores-
cence, a result that highlights the sensitivity of flow cy-
tometry quantification of synaptic pathology and demon-
strates consistency with traditional neuropathology measures.
Also of note is the 82-year-old case (Case 735) that did not
display clinical dementia but was determined on routine neu-
ropathological examination to have significant changes con-
sistent with a diagnosis of possible AD, Braak stage IV. This
case displayed synaptic levels of AB and of p-tau that were
among the highest measured in the cohort.

Synaptic AB Is Decreased and P-Tau Is
Increased in Hippocampus and Entorhinal
Cortex Compared to the Rest of the Brain

Synaptic AB fluorescence was lowest in cerebellum (P <
0.0001; Figure 2A). Synaptic AB was highest in associa-
tion neocortex (A7, A9, A39, A40), with intermediate lev-
els measured in hippocampus and entorhinal cortex,
which are affected earlier in the disease; the decrease in
hippocampus and entorhinal cortex compared to neocor-
tex was statistically significant (P = 0.0003). In contrast to
synaptic AB distribution, p-tau fluorescence was in-
creased in hippocampus and entorhinal cortex com-
pared to neocortical regions (P = 0.006, Figure 2B).
Figure 2 also shows that cerebellar synaptic terminals are
essentially free of p-tau pathology. Synaptic levels of
cholesterol and ganglioside GM1 showed similar distri-
butions, with hippocampus and entorhinal cortex signifi-
cantly higher than neocortical regions (Figure 2C,D; P <
0.0001). Relative fluorescence measured for SNAP-25,
PSD-95, and LRP did not demonstrate regional variation.
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Table 1. Case Information for Synaptosome Samples
Neurofib.
Frontal changes  Amyloid fluor. p-tau fluor
Age PMI Braak & cortex Neuritic (neuropil in terminals in terminals
No. Sex  (years) (h) Braak score  atrophy plaques  threads) (RFU) (RFU)
Normals
726 F 97 55 — Mild 0 0 20.29 23.89
758 M 93 8.5 Mild Sparse 0 50.1 30.4
PD only
711 M 74 7.8 PD Mild Sparse Sparse 447 33.8
720 M 63 3.5 PD Mild Sparse Sparse 66.5 25.18
Dementia
AD cases
024 tauopathy F 72 5 Prom 0 Marked 58.7 137.3
730 AD def F 76 3.6 Vi Severe Sparse Sparse 96.3 79.0
716 AD def F 86 5 Vi Severe Mod Mod 97.3 58.7
731 AD def F 87 53 Vto VI Mild Mod Sparse 107.5 73.3
721 AD def F 87 5 Vi Mild Freqg Mod 113.8 88.8
738 AD def+PD M 83 11 vV Mod Mod 0 1181 43.2
752 AD prob M 98 5.83 Ito V Mod Mod 0 134.15 24.91
745 AD def F 92 4.75 \ Mild Mod Sparse 155.4 52.13
722 AD poss M 88 6 Mild Sparse Sparse 186.3 67.5
PD + dementia
735 AD poss no M 82 4 I\ Mild Mod 0 203.5 83.1
clinical
dementia
718 AD def M 83 7 \ Mild Freq Mod 232.8 94.8

Neuropil threads and plaques are reported for frontal cortex and refer to silver (Gallyas) stain. The plaque number includes plaques with and
without cores: sparse (<5/field), mod (6 to 20ffield), freq (21 to 30ffield). RFU, mean relative fluorescence for AB and p-tau antibody fluorescence
measured by flow cytometry (mean value includes frontal, superior parietal, and parietal (A39 and A40) cortex, hippocampus, entorhinal cortex, and

cerebellum).

Synaptic AB and P-Tau Are Correlated and
Co-Localize within Synaptic Terminals

Because both AB and p-tau are present in synaptosomes
from AD brain, we next examined for co-localization of AB
and p-tau within individual synaptic terminals by dual
labeling P-2 samples for both AB and p-tau followed by
flow cytometry analysis; only size-gated particles were
analyzed to ensure >90% synaptosomal purity. The de-
gree of co-localization in a representative sample from
AD frontal cortex is illustrated in Figure 3A. Only AB-
positive synaptosomes were acquired and analyzed
(5000/sample); particles positive for AB only are in the
upper left quadrant, and dual positives are in the upper

Regional distribution of synaptic amyloid beta Regional distribution of synaptic p-tau
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Figure 2. Regional distribution of synaptic (A) AB, (B) p-tau, (C) free cho-
lesterol, and (D) ganglioside GM1. For each measure, the Estimate statement
was used to test for grouped differences between hippocampus and ento-
rhinal cortex versus neocortical regions (A7, A9, A39, and A40).

right quadrant. Figure 3B demonstrates that co-localiza-
tion of AB and tau pathology resembling that seen in AD
cortex is also observed within synaptic terminals of aged
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Figure 3. Co-localization of AB and p-tau. A-B: Flow cytometry quadrant
analysis for a representative sample of AD frontal cortex (A), and aged
Tg2576 mouse (B). Only AB-positive synaptosomes were analyzed; particles
positive for AB only are in the upper left quadrant and particles positive for
both AB and p-tau are in the upper right quadrant, (C) regional variation in
dual labeled fraction (72 = 29 samples from 6 cases), (D) quadrant analysis of
size-gated synaptosomes illustrating size of fraction positive only for p-tau
(lower right quadrant).
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Tg2576 mice, which overexpress the Swedish mutation of
the APP protein and do not express mutated tau. Aver-
aged across regions, 24.1% (+4.3, n = 35 samples from
six cases) of AB-positive terminals were also positive for
p-tau. When examined by region, the fraction of dual-
labeled particles was significantly higher in entorhinal
cortex (39.3%, *+9.3; Figure 3C), compared to superior
parietal (19.6%, +5.8, P < 0.01), parietal (13.8%, *5.6,
P < 0.0001), and frontal (22.61%, *7.4, P < 0.01) cortex,
although the comparison with hippocampus (25.3%,
+4.0) was not significant. To determine the fraction of
synaptosomes containing p-tau only, in some experi-
ments 5000 dual labeled synaptosomes were collected
within the size gate; particles positive only for tau are in
the lower right quadrant, and negatives are in the lower
left quadrant. The AD frontal cortex sample in Figure 3D
illustrates that a fraction (9.8%, *7.4, n = 15 samples
from 3 cases) of synaptosomes is positive for p-tau only,
indicating that AB may not be requisite within a terminal
for tau hyperphosphorylation.

¥

AB (10G4)

p-tau (AT100)

contrast

7

1.53 um beads

Figure 4. Confocal analysis of AB and p-tau co-localization. A-D: Confocal
analysis of washed P-2 fraction from an 87 y/o AD case (superior parietal
cortex) dual labeled for AB (A, green) and p-tau (B, red). C: Overlay image
with yellow color indicating co-localization (arrows). E-H: Co-localization
SNAP-25 (A, green) and p-tau (B, red) indicating co-localization in synapto-
somes (G). D, H: Differential interference contrast images for each field. I:
1.53-pum size standards.

Co-localization of AB and p-tau within spherical 1 mi-
cron particles was confirmed by confocal analysis of P-2
fractions from AD superior parietal cortex (Figure 4). P-2
samples were dual labeled for AB (10G4 antibody, green)
and p-tau (AT100 antibody, red; Figure 4A, B). The
merged image (Figure 4C) shows co-localization of AB
and p-tau in a subset of synaptosomes; differential con-
trast images (Figure 4, D and H) reveal the spherical
structure and size of the synaptosome particles com-
pared to polystyrene size standards (Figure 4l). The syn-
aptosomal identity of the particles in the washed P-2
fraction is confirmed by dual labeling for p-tau (AT100)
and with the SNAP-25 antibody directed against a pre-
synaptic soluble N-ethylmaleimide-sensitive fusion at-
tachment receptor protein (Figure 4E—H).

Correlation of Synaptic AB with Oligomeric AB
Species and Aggregates

Because antigen exposure issues are known to limit vi-
sualization of intraneuronal AB in vivo,'? and to confirm
flow cytometry results, we performed Western analysis of
washed P-2 samples from AD cases previously examined
by flow cytometry (Table 1). Using the 6E10 antibody
(against residues 5 to 10), the immunoblot showed AB
aggregates and a number of oligomeric species (Figure
5A). An AB hexamer species showed a particularly high
correlation with the level of synaptic AB measured by flow
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Figure 5. Synaptic Af is correlated with oligomers in AD samples. A: West-
ern blot of washed P-2 samples from AD cases previously examined by flow
cytometry showing multiple AB species and APP identified by the 6E10
antibody; p-tau was identified by the p422s antibody. B: Correlation of
synaptic A measured by flow cytometry (Table 1) with a hexameric oli-
gomer species (P < 0.0001 with one outlier removed). C: Correlation of
synaptic tau measured by flow cytometry with p-tau (£ < 0.0008).



cytometry with the 10G4 antibody (r = 0.981, P < 0.0001,
with one outlier removed, Figure 5B). Synaptic AB also
correlated significantly with AB dimers (r = 0.648, P <
0.03), aggregated AB in lanes (r = 0.903, P < 0.0005),
and APP (r = 0.789, P < 0.0058), but did not correlate
with beta-site APP cleaving enzyme levels (r = 0.195, ns;
not shown). Flow cytometry results with the AT100 anti-
body, which is associated with extracellular tangles and
is specific for Alzheimer tau,®® were confirmed by West-
ern analysis with a polyclonal antibody against p-tau
(p422s), an epitope that has been associated with intra-
neuronal neurofibrillary tangles®® (r = 0.88, P < 0.0008;
Figure 5C).

Co-Localization of AB and P-Tau in Neurites in
AD Brain

Confocal imaging of sections from AD hippocampus dual
labeled for AB (10G4) and p-tau (AT100; Figure 6A-D)
revealed abundant p-tau-positive processes that ap-
peared distended. In addition to intense plaque staining,

10G4-Biotin

r X G: AT100
! R: cAPP
. B:DARI

Figure 6. AB and p-tau are co-localized in neuronal processes in AD brain.
Confocal images of section from AD case showing (A) p-tau (green) identi-
fied by the AT100 antibody, (B) AB (red) identified by the 10G4 antibody,
and (C) nuclei (blue) labeled with 4',6-diamidino-2-phenylindole. D: Over-
lap shows co-localization (yellow) in multiple dystrophic neurites. E: Merged
image with GE10 antibody also shows extensive overlap (yellow) with
AT100-positive neurites. F: Merged image of C-terminal APP labeling does
not show co-localization with p-tau in AT100-positive neurites; Bar = 20 wm.
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AB labeling showed a number of bulbous distal terminals
and swollen processes; frequently AB labeling was ob-
served in punctuate subcellular structures consistent with
previously observed AB labeling in multivesticular bodies
(Figure 6B).2° Extensive co-localization of AB and p-tau
was observed in structures that appear to be dystrophic
neurites for the N-terminal anti-AB antibodies 10G4 and
B6E10 (Figure 6, D and E), and the mid-region antibody
4G8 (amino acids 17 to 24, not shown). A C-terminal
anti-APP antibody showed diffuse punctuate labeling and
intense labeling in globular periplaque dystrophic neu-
rites. In contrast to the anti-AB antibodies examined,
C-terminal APP labeling does not overlap with AT100-
positive neurites (Figure 6F), or with 10G4 (not shown).
Co-localization without homogenization in AD brain sec-
tions argues against the possibility that synaptic AB la-
beling results from the release of AB during the homog-
enization step required for synaptosome preparation.
Also arguing against “sticking” of AB to synaptosomes
are our experiments showing that Ag labeling of postmor-
tem AD synaptosomes is not removed by neprilysin or by
a combination of trypsin/heparinase (not shown).

Discussion

The present experiments use flow cytometry analysis of
synaptosomes to demonstrate that AD synaptic terminals
contain both AB and p-tau. Despite good experimental
support in transgenic animal models, the non-overlap-
ping spatial distribution of the two key pathologies in
human disease has limited full acceptance of an amyloid
cascade hypothesis in which AB pathology precedes tau
pathology. Co-localization of AB and p-tau is highest in
the earliest affected regions in AD, and free cholesterol
and ganglioside GM1 are also increased in the earliest
affected regions. These findings support previous obser-
vations of AB co-localization with intraneuronal tangles in
human cases,3*3% and with early somatodendritic tau in
3X Tg mice.®® The present results show overlapping pre-
tangle pathology that localizes to synapses in human
disease, and suggest that synaptic loss and dysfunction
may be linked to an amyloid cascade within terminals.

Postmortem data are inherently cross-sectional; how-
ever, the high degree of co-localization of AB and tau
pathology in the earliest affected region is consistent with
a sequence of events in which amyloid B precedes the
appearance of p-tau in synaptic terminals in human dis-
ease. This interpretation is consistent with a body of data
in 3X Tg mice supporting the initiation of tau pathology by
intraneuronal amyloid B accumulation, and is in line with
our observation that synaptic p-tau levels are increased
in Tg2576 mice, which do not express mutated tau
protein.

Our observation of lower AB and higher p-tau in medial
temporal regions compared to cortex is consistent with
the observed predominance of tangles in hippocampus
and entorhinal cortex of postmortem cases, while
plaques are primarily observed in neocortical areas.
However, our working hypothesis has been that synaptic
AB precedes synapse loss and is a potential seed for AB
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deposition. Therefore, we anticipated an increase rather
than a decrease in AB in the earliest affected regions,
and the high degree of co-localization in the medial tem-
poral lobe combined with the relatively low level of AB
fluorescence in these regions was surprising. This result
seems most consistent with a scenario in which accumu-
lating AB within terminals is released as the disease
progresses. A release explanation is in line with recent
observations that intraneuronal AB decreases with ad-
vancing age in transgenic models,'®37 with increasing
age in Down'’s syndrome,®® and with increasing cognitive
dysfunction and deposition in AD.3° Synaptic release of
AB from entorhinal projections to the hippocampus is
supported by studies showing that perforant path and
entorhinal cortex lesions attenuate hippocampal AB dep-
osition,?223° and by the association of increased inter-
stitial AB with synaptic activity in vivo.?* Decreased syn-
aptic AB in entorhinal cortex and hippocampus might
also result from synapse loss accompanying neuron loss
in more affected regions, although in this case one would
also expect losses in synaptosomal SNAP-25 and p-tau
fluorescence, which are not observed.

Consistent with the long established trans-synaptic
spread of pathology from entorhinal cortex and hip-
pocampus to isocortex, in the present experiments we
observed a small fraction of synaptosomes positive for
p-tau but not AB. This indication that tau hyperphospho-
rylation may not require AB accumulation within the same
terminal is evidence in human disease for a trans-synap-
tic mechanism previously demonstrated in mutant tau
mice, where injection of AB into hippocampus or cortex
resulted in remote tangle formation in the amygdala.'®
Alternatively, tau phosphorylation may be induced by
highly toxic AB oligomers beneath the detection limit of
our flow cytometry assay. The dystrophic neurite labeling
of AB and p-tau in confocal images is not presumed to
fully represent the situation in the large populations of
smaller (0.5 to 1 micron) synaptosome populations in flow
cytometry studies. The periplague dystrophic neurite la-
beling likely represents the extreme of a continuum of
neuropil labeling that is only resolved by quantitative flow
cytometry of single terminals.

In vitro experiments have provided support for a hy-
pothesis that lipid raft microdomains in membranes influ-
ence AB generation via enhanced access of secretases
to APP in the raft environment,' and A has been shown
to accumulate in lipid rafts in animal models and in AD
prefrontal cortex.*'*2 In line with this hypothesis, our
previous work has shown strong increases in free cho-
lesterol and GM1 in AB positive synaptosomes compared
to AB-negatives,®® and the present results show in-
creased synaptic cholesterol and GM1 in the earliest
affected regions. GM1 and cholesterol both bind directly
to AB and have been suggested to initiate fibril formation,
so it is also possible that synaptic cholesterol and GM1
contribute to pathological aggregation rather than, or in
addition to, generation of AB.*®* On the other hand, syn-
aptic AB may result from uptake into terminals via raft-
mediated binding or through isoform-specific binding of
apoE to AB followed by LRP-mediated uptake and clear-
ance. Because hippocampus and entorhinal cortex are

focal sites for plasticity and receive highly processed
inputs from the entire neocortex, the observed increase in
synaptic cholesterol and GM1 in the hippocampus and
entorhinal cortex may also be associated with a plastic
or sprouting response to impaired function in these
regions.**45

A synaptic localization for intraneuronal AB is in agree-
ment with EM studies showing A localization to multive-
sicular bodies within presynaptic and postsynaptic com-
partments.® However, diffuse oligomeric deposits also
appear pericellularly in AD sections, and exogenously ap-
plied oligomers are well documented to target postsynaptic
NMDA receptors.*®#7 In addition to triggering intraneu-
ronal damage pathways such as tau-dependent microtu-
bule disassembly,*® AB may be released with synaptic
activity®® or by degenerating neurites; therefore a hypoth-
esis that intracellular AB produces cellular and synaptic
dysfunction is entirely compatible with evidence that ex-
tracellular AB also induces dysfunction.

Despite the association of the earliest AD symptoms
with plaque pathology,'® controversy has been gener-
ated by the association of clinical progression with tan-
gles rather than plaques, and by the observation that
tangles appear before AB deposition in entorhinal cortex
and hippocampus.“®%° Many workers in the field have
adopted a version of an amyloid cascade hypothesis in
which tau pathology mediates the association of AB to
cognitive decline, a hypothesis with recent support from
cases in the Religious Orders study.®’ In animals, re-
duced tau expression in hAPP mice blocked AB-induced
cognitive impairments by reducing excitotoxicity,®? sug-
gesting that tau reduction uncouples AB from down-
stream pathological mechanisms. In primary neurons, tau
was required for Ap-induced microtubule disassembly.*®
Interestingly, tau phosphorylation was not associated
with mediation of AB effects in the transgenic or culture
model, although temporal or spatial constraints may have
limited detection of p-tau in these studies.

A possible mechanism involving tau phosphorylation is
suggested by the recent observation that intracellular AB
binds to soluble tau and promotes tau phosphorylation by
glycogen synthase kinase-33; coexpression of AB and
tau within tangles in postmortem AD sections was also
observed.®® These authors hypothesize that the AB-tau
complex generates insoluble complexes of both AB and
tau within neurons, and suggest blockade of AB-tau bind-
ing may be a viable therapeutic target. Our observation
that AB and p-tau pathology colocalize within the synap-
tic compartment in human disease indicates the potential
for targeting early AB/tau interactions to synaptic termi-
nals, where interventions would be most likely to improve
or preserve synaptic function.
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